After the pioneering work of Heinz Prechtl in the 1980s and 1990s, it has become increasingly clear that the quality of general movements may assist the early diagnosis of developmental disorders, such as cerebral palsy (CP). [1] [2] [3] General movements consist of movements in which all parts of the body participate. They emerge during early fetal life and gradually disappear when goal-directed arm movements develop between the age of 3 to 5 months corrected age. 1, 2 Typical general movements are characterized in particular by complexity and variation, whereas atypical general movements exhibit a limited repertoire of movement variants. 1, 2 The aim of this paper is to update the knowledge on the putative neural substrate underlying typical and atypical general movements in order to facilitate the understanding of the clinical significance of atypical general movements. To this end, first the developmental processes in the human brain are summarized focussing on the period during which general movements are present. Next, development and neural substrate of typical general movements are discussed. Finally, the clinical and pathophysiological features of atypical general movements are reviewed.
EARLY DEVELOPMENT OF THE HUMAN BRAIN
The development of the human brain is a long-lasting complex process based on a continuous interaction of genes and environment. The rate of neurogenetic events is highest during the fetal period and the first two postnatal years. 4 Neural development starts in the fifth week postmenstrual age (PMA) with the formation of the neural tube. Soon after tube closure the germinal layers near the ventricles start to produce neurons. The majority of the neurons are generated between 5 weeks and 25 weeks gestational age, with the first cortical neurons emerging at 6.5 weeks. 4 The neurons migrate from their places of origin to more superficial layers of the cortex, a process that peaks during mid-gestation. 4 During migration, the neurons start to differentiate, for example to produce axons, dendrites, synapses, and transmitters. Interestingly, the first generations of neurons do not travel to the cortical platethe final destination of cortical neurons -but they halt in the layer below, i.e. in the cortical subplate (Fig. 1) .
The subplate is a transient structure in placental mammals, most conspicuously present in the developing brain of primates, in particular in that of the human. 5 Already at the age of 9 to 10 weeks PMA subplate neurons develop synaptic activity. 6 The spontaneously oscillating activity of these neurons is assumed to play a major role in the tuning of early cortical activity. 7 The subplate is also an important site of neuronal differentiation and synaptogenesis. In addition, it serves as a waiting and sculpturing compartment for growing cortical afferents, such as the thalamocortical and corticocortical fibres. 6 The subplate is thickest between 28 to 34 weeks PMA, when it is about four times thicker than the cortical plate. 4 Fetal resting-state functional magnetic resonance imaging studies indicated that at 20 weeks PMA -the youngest age studied -highest brain activity is found in the subplate. 8 The subplate achieves its largest size in the future association areas; this increase in size is especially brought about by the ingrowth of axons, i.e. ingrowth of thalamocortical axons followed by corticocortical axons. 9 After having reached its peak thickness the subplate gradually decreases in size as the subplate neurons undergo programmed cell death, and later generated neurons start to populate the cortical plate. 5 From 26 weeks PMA onwards, the thalamocortical afferents that first had contacted the subplate neurons relocate into their final target, the cortical plate. 6 This means that in the third trimester of gestation, the human cortex is characterized by the coexistence of two separate but interconnected cortical circuitries: the transient fetal circuitries centred in the subplate and the immature, but progressively developing permanent circuitry centred in the cortical plate. 6 The duration of the 'double circuitry' phase differs for the various regions in the cortex. For instance, the final phase of permanent cortical circuitry is reached around 3 months post-term in the primary motor, sensory, and visual cortices, but first around the age of 1 year in the associative prefrontal cortex. 10 Cortical axon, dendrite, and synapse formation boom in the third trimester and in the first postnatal year. 4 In the last trimester of gestation also a growth spurt in the cerebellum occurs which lasts till the age of 3 months postterm.
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Brain development also implies regressive phenomena. Programmed cell death has been mentioned already. In general, cell death is most pronounced during mid-gestation, but in the cortex it peaks in the third trimester. 4 Regressive processes do not only sculpt the neuronal population; also the number of axons and synapses is adjusted by elimination. 4 A well-known example is the remodelling of the corticospinal tract between the end of gestation and 2 years of age: its initially bilateral projections in the spinal cord are reorganized into a mainly contralateral fibre system. 12 The brain does not only contain neurons, it also hosts an even larger number of glial cells. The glial cells are produced in particular in the second half of gestation, amongst them the oligodendrocytes that are involved in axonal myelination. The process of myelination is very active in the third trimester and in the first postnatal year. 4 From early age onwards neurotransmitters and their receptors are present in neural tissue. In the cortex catecholamines, serotonin, c-Aminobutyric acid, and excitatory amino acids including glutamate can be found from 8 to 10 weeks PMA. 13 Interestingly, the noradrenergic a2 receptors in the brain's white matter and in many brain stem nuclei are transiently overexpressed in the periterm period. Also in this period, dopamine turnover is relatively high. 13 The serotonergic axons penetrate all cortical layers at term age, but rapidly decrease in density a few weeks thereafter. 13 c-Aminobutyric acid function during early life differs from that in later life: during the major part of gestation it has an excitatory function. First during the third trimester c-Aminobutyric acid gets its inhibitory function. 4 Evidence suggests that the glutamatergic N-methyl-Daspartate receptors in the cortex have two transient periods of overexpression that occur between 13 weeks and 21 weeks PMA and around term age. 4 In conclusion, a plethora of processes characterizes early brain development. Developmental activity peaks in the last 3 months before and the first 3 months after term age, i.e. between the point in time that the subplate starts to dissolve while the permanent cortical circuitries emerge and the age that the permanent circuitries in the primary 
What this paper adds
• The emergence of fidgety movements reflects a developmental transition from widespread to fragmented cortical network activity.
• Atypical general movements characterized by reduced complexity and variation are attributed to impaired integrity of extensive cortical-subcortical networks.
motor, sensory, and visual cortex reach their final layout. In the middle of this period, i.e. around term age, the noradrenergic a2 receptors and glutamatergic N-methyl-Daspartate receptors are temporarily overexpressed. It is conceivable that this transitory receptor overexpression in combination with a relatively high serotonergic innervation and high dopaminergic turnover induces an increased excitability, amongst others expressed by the motoneurons. This neural configuration may assist the transition from fetal periodic breathing to the critical continuous respiration after birth.
TYPICAL GENERAL MOVEMENT DEVELOPMENT
The first fetal movements emerge at 7 weeks PMA; they consist of slow and small sideways bending movements of the head and/or trunk.
14 A few days later the proximal body movements are combined with slow, small, and simple movements of arms and legs. General movements with their characteristic movement complexity and variation emerge at week 9 to 10 PMA.
14 Complexity denotes the spatial variation of movements. It is brought about by the independent exploration of degrees of freedom in all body joints. The continuously varying combinations of flexionextension, abduction-adduction, and endorotation-exorotation generate a flow of changes in movement direction of the participating body parts. General movement variation represents the temporal variation of movements. It means that across time, the infant continues to explore the movement possibilities that the body offers. Movement complexity and variation are tightly intertwined, actually implying that the primary parameters of general movement quality evaluate two aspects of movement variation. This corresponds to the notion that variation is a hallmark of the healthy developing brain. 2 During the first trimester of gestation, the fetus develops the entire neonatal movement repertoire, which also includes isolated arm and leg movements, startles, sucking, breathing, and stretching movements. General movements are, however, by far the most frequently used movement pattern of the fetus and also of the young infant. The movement intensity, speed, and force of the general movements typically wax and wane in waves that variably move across the body. General movements gradually disappear at 3 to 5 months post-term, when general movement activity is taken over by goal directed movements of the arms. The latter consist for instance of mutual manipulation of the fingers or manipulation of clothes. 1, 2 General movements have been studied most extensively in the extra-uterine period. 1, 2 In infants born preterm general movements are primarily characterized by complexity and variation, including large movements of the trunk. Around 36 to 38 weeks PMA a transition in movement character occurs. General movements remain complex and varied, but they get a 'writhing' character, implying that they have a forceful and tense appearance. In addition, trunk movements are smaller than previously. Some 10 weeks later another transition in general movement character occurs. Around the age of 2 months post-term the forceful writhing character disappears and so-called fidgety general movements emerge. Fidgety general movements are characterized by complexity and variation (Fig. 2) , but the general movement's basic movement melody now consists of a continuous stream of small and elegant movements occurring irregularly over the body. 1, 2 Fidgety movements are most prominently present between 11 weeks and 16 weeks corrected age. 15 Spontaneously generated activity is a widespread phenomenon in the developing nervous system. It consists of rhythmic bursts of action potentials which are correlated across tens or hundreds of cells and occur with a periodicity in the order of minutes. 16 The emergence of the first fetal movements at week 7 PMA corresponds both to the development of synapses in the spinal cord, a process that begins in week 6 and accelerates in week 7 PMA, 17 and to the emerging neuromuscular contacts. 18 The first fetal movements are present before the spinal reflex pathways are completed. The latter emerge at week 10 to 11 PMA. 19 This underlines the endogenous or spontaneous generation of early motor activity.
The developmental sequence of the first human movements, which involves a first stage with movements that are restricted to head and trunk, and a second stage in which all parts of the body move, has been described in many animal species, such as fish, amphibian, chicken, guinea pig, and rat. 2 It has been hypothesized that this generalized but simple motility is generated by a large central pattern generator network that extends from the brain stem to the caudal parts of the spinal cord. 2 In the human, the generalized motility with simple limb movements is succeeded by general movements with complexity and variation.
It is known that general movements with reduced complexity and variation are strongly associated with CP. 1, 2 This, coupled with the emergence of movement complexity and variation with synaptic activity in the cortical subplate, inspired the hypothesis that initially the subplate is the neural substrate of general movement complexity and variation. 2 In other words, this hypothesis postulates that the activity generated by the central pattern generator network in the spinal cord and brainstem -activity that by itself results in simple movements of all parts of the body -is modulated by activity of the subplate. The latter modulating activity induces movement complexity and variation. The hypothesis presupposes that the subplate has projections which may directly or indirectly transmit the modulating information to the basic general movement networks in the spinal cord and brain stem. However, evidence that these projections exist is limited, as few studies have addressed descending projections of the subplate. Nevertheless, some information is available. First, in the cat subplate afferents have been demonstrated to traverse the internal capsule, invade the thalamus, and project to at least one other subcortical target, i.e. the superior colliculus, at embryonic day 30. 20 According to the Review 41 neuroinformatics model of Workman et al. 21 this approximately corresponds to the stage of human brain development at 9 to 10 weeks PMA. Second, studies in the fetal rat indicated that descending supraspinal pathways emerge before and coincident with the emergence of subplate neurons at embryonic day 16. [22] [23] [24] Thus, it is conceivable that the subplate induces movement complexity and variation and that this information is transmitted initially via polysynaptic pathways that are present around 9 to 10 weeks PMA 25 to the central pattern generator networks in the brainstem and spinal cord. 26 Mar ın-Padilla also has suggested that before the age of 17 weeks PMA subplate activity is involved in the motor activity of the fetus. 27 Three additional arguments reinforce the hypothesis that the subplate induces general movement complexity and variation. First, the temporary presence of complex and varied general movements between 9 to 10 weeks PMA and 3 to 5 months post-term matches the temporary presence of the cortical subplate in the primary sensorimotor cortices. Second, the limited evidence from the phylogeny of generalized motility supports the involvement of the subplate in movement complexity and variation, as chicken embryos both lack a subplate and complex and varied movements, whereas fetal guinea pigs -which belong to the category of placental mammals -do have a subplate and complex and varied general movements. 2, 28 Third, anencephalic fetuses show generalized movements, but of an abnormal quality, i.e. lacking movement complexity and variation. 29, 30 This suggests that supraspinal structures are needed to generate complex and varied general movements -the subplate being a good potential candidate.
At the time when the double cortical circuitry emerges, the modulating activity of the subplate inducing general movement variation and complexity gradually shifts to the cortical plate. Evidence suggests that this modulating information of the cortical plate is increasingly mediated by direct cortico-spinal connections, which emerge from about 26 to 28 weeks PMA. 31 The gradual shift from subplate activity to cortical plate activity is presumably also reflected in the neonatal electroencephalogram. From 24 weeks PMA spontaneous activity transients can be observed, first focal in the sensory cortices, later more widespread to disappear around term age. 32 At this time and concurrent with the writhing general movement period, the electroencephalogram during quiet sleep is characterized by trac e alternant. Around 3 months post-term the electroencephalogram gets the continuous activity characteristic of infancy. 33 It is conceivable that the writhing character of general movements in the periterm period is an expression of the increased motoneuronal excitability associated with the transient overexpression of the noradrenergic a2-and glutamatergic N-methyl-D-aspartate receptors and the relatively high serotonergic innervation and dopamine turnover. The increased motoneuronal excitability is reflected by what the French school of developmental neurology called the 'physiological hypertonia' of the term neonate. 34 Physiological studies indicated that the increased motoneuronal excitability decreases between term age and 3 months corrected age. 2, 34 The emergence of fidgety movements may be induced by the developmental changes in the permanent networks in the primary sensorimotor cortex and their increasing afferent inputs, which results in so-called 'sparsification' of activity. 7 The latter means that the activity in the cortical networks is less intensive and occurs in more limited groups of neurons, thereby paving the way for specific goal directed movements as the nervous system is increasingly prepared to make sense of its own actions and of the environment. 7 This corresponds to the observation that in infants aged 1 to 5 months post-term general movement complexity and variation are not affected by postural support of small pillows, whereas the variation of emerging goal-directed movements present from 3 months onwards improves by pillow support. 35 The latter reflects that from 3 months onwards afferent information from postural support may be used to optimize goal-directed motility. It is conceivable that the signs of 'sparsification' breakthrough in the form of fidgety movements when the physiological motoneuronal 'hyperexcitability' is waning. The idea that the fidgety general movement period reflects a phase with crucial developmental changes in the permanent networks in the primary sensorimotor cortices is supported by the recent study of Ritterband-Rosenbaum et al. 36 This study indicated that the fidgety phase is characterized by activitydependent reorganization of functional connections between corticospinal tract fibres and spinal motoneurons. Figure 3 summarizes schematically the processes underlying the 'subplate and cortical plate modulation hypothesis', i.e. the developmental changes in general movements and the human cortex.
NEURAL SUBSTRATE AND CLINICAL SIGNIFICANCE OF ATYPICAL GENERAL MOVEMENTS
During the last 25 years, the assessment of the quality of general movements has been increasingly implemented in the health care of high-risk infants. Atypical general movements -in all general movement phases -are characterized by a substantial reduction in movement complexity, variation, and fluency, with movement complexity and variation constituting the core components of general movement quality (Fig. 2) . 1, 2 A body of research demonstrated that atypical general movements in high-risk infants born preterm have a strong power to predict CP. [1] [2] [3] Prediction is best when it is based on longitudinal series of assessments: the continuous presence of abnormal general movements is highly predictive of CP. 1, 2 In other words, abnormal general movements that persist despite the transitions occurring in the developing brain suggest a fundamental impairment of the brain's integrity. Prediction of developmental outcome on the basis of a single general movement assessment is best when performed in the fidgety general movement period. 1, 2 This means that prediction is highest in the phase when network activity in the primary sensorimotor cortices has moved to its permanent circuitries in the cortical plate.
The atypical quality of general movements does not only predict CP in infants born preterm, but also in infants born at term.
1,2 However, the predictive power in infants born at term is less than that in infants born preterm, 39 a difference that may be explained by the putative neural substrate of general movements and the difference in brain lesions occurring in the two groups. The putative neural substrate of movement complexity and variation is network activity that is initially generated in the cortical subplate and gradually moves to the cortical plate. This implies that a reduction in movement complexity and variation is due to damage or dysfunction of the cortical subplate or cortical plate and/or its efferent connections that run through the periventricular white matter. 2 Or rather, the hypothesis suggests that reduced complexity and variation reflect impaired connectivity in the widespread cortical-subcortical networks. In infants born preterm, the majority of brain lesions occurs in the periventricular area affecting especially the periventricular white matter and subplate. 40 The white matter pathology in infants born preterm is strongly associated with atypical general movements and with adverse developmental outcome. 2, 41, 42 In infants born at term brain lesions are more heterogeneous, with the cortical areas, basal ganglia, and thalamus being predilection sites for injury. 43 Ferrari et al. 43 showed that in infants born at term with hypoxic-ischaemic encephalopathy atypical general movement quality was particularly related to the severity of basal ganglia and thalamus damage in combination with white matter injury. This supports the idea that general movement quality reflects the integrity of extensive neural networks involving not only cortical areas, but also their connectivity with subcortical relay stations. In turn, the idea that general movement quality reflects the interconnective integrity of complex cortical-subcortical networks would also explain why atypical general movement quality is not only associated with CP, but also with cognitive impairment, attention-deficit-hyperactivity disorder, and minor neurological dysfunction. 2, 44 Currently two variants of general movement assessment exist: the one developed by Prechtl 1 and the one by Hadders-Algra. 2 Both variants measure essentially the same construct, i.e. they assess with Gestalt perception movement complexity, variation, and fluency. Nevertheless, some differences exist. In the classification of HaddersAlgra, specific attention is paid to milder abnormalities in general movement quality. This turned the classification into a sensitive tool for the evaluation of prenatal and perinatal care. 2, 45 However, the milder abnormalities have only a limited predictive value. 2, 39 Both variants of general movement assessment pay attention to the presence of fidgety movements at fidgety general movement age, but the Prechtl method stresses this more than the Hadders-Algra classification. In general, a marked reduction in movement complexity and variation is associated with a lack of fidgety movements at fidgety age. 1, 2 Infants who pair a substantial reduction in movement complexity and variation with the absence of age-specific fidgety movements have the highest risk of CP. 1, 46 Infants who combine a similarly reduced complexity and variation with age-specific fidgety activity do have an increased risk of CP, but a lower risk than the group with the double risk including absent fidgety movements. 46 Interestingly, fidgety activity is not associated with cognitive outcome at school age, whereas movement complexity and variation are. 47 This suggests that movement complexity and variation are stronger markers of complex network integrity than the presence of fidgety movements.
Both general movement assessment variants pay specific attention to the presence of so-called cramped-synchronized movements. These movements are characterized by a suddenly occurring en bloc movement, in which trunk and limbs stiffly move in utter synchrony.
1,2 The stereotyped presence of cramped-synchronized movement implies a severe reduction of movement complexity and variation. At fidgety age this is always associated with the absence of fidgety movements. The persistent presence of cramped-synchronized movements during the first postnatal months or the stereotyped presence of these movements at fidgety age are associated with a virtually 100 per cent risk of CP.
1,2 However, in Western European countries the prevalence of these severely abnormal movement patterns has largely decreased during the last few years, presumably as a result of improving perinatal and neonatal care. 45, 46 Both general movement assessment variants also pay attention to the fluency of movements, i.e. to the presence or absence of the jerky, abrupt, or cramped and stiff aspects of motility. However, fluency is the movement characteristic that most easily gets affected by adversities. In general, its predictive value is rather limited.
2 Nevertheless, in infants who have general movements with a marked reduction in movement complexity and variation, the presence of predominantly stiff movements is associated with an increased risk of adverse outcome. 46 These stereotyped and predominantly stiff movements are associated with tonic responses at the knee jerk. This suggests that these movement patterns indicate a severe loss of supraspinal control. 48 
CONCLUSION
General movements are a major expression of the young developing brain; they form the cornerstone of early development. The current update and review of knowledge indicates that the quality of general movements reflects the integrity of the complex cortical-subcortical networks in which the cortical subplate -and at fidgety general movement age the cortical plate -and the connecting white matter play a dominant role. This holds true in particular for the primary parameters of general movement quality, i.e. movement complexity and movement variation. These parameters do not only predict motor outcome, but, as increasing evidence suggests, also cognitive and behavioural outcome. Prediction of developmental outcome is best at fidgety general movement age, i.e. between 2 months and 5 months corrected age, when cortical activity in the primary sensorimotor cortices has shifted from the subplate to the cortical plate. At this age, the evaluation of the age-specific fidgety movements that reflect cortical development in terms of 'sparsification', i.e. fragmentation of activity, facilitates prediction of outcome. The absence of fidgety movements increases the risk of CP.
